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Abstract

:

Background: Linezolid is used for Gram-positive bacterial infections. Thrombocytopenia is one of its main adverse effects resulting from myelosuppression. Several studies have assessed risk factors that may increase the risk of this adverse effect. However, most studies included patients with hemato-oncologic diseases, which may confound such assessments. This study aimed to investigate risk factors for linezolid-associated thrombocytopenia in patients without hemato-oncologic diseases. Methods: This was a multicenter retrospective case-control study of adult patients treated with linezolid twice daily for ≥3 days. Patients with hemato-oncologic diseases, active dengue fever, active COVID-19, baseline platelet count <100 × 103/mm3, concurrent therapy with trimethoprim/sulfamethoxazole or valproic acid, and a recent platelet transfusion within 7 days were excluded. Thrombocytopenia was defined as a drop in platelet count below 100 × 103/mm3. Results: Out of 158 evaluated patients, 33 developed thrombocytopenia, indicating an incidence rate of 20.9%. Of all the risk factors assessed, creatinine clearance of <60 mL/min and bacteremia/infective endocarditis were significantly associated with linezolid-associated thrombocytopenia (adjusted odds ratios, 3.25 and 5.95; 95% CI 1.12–9.45 and 1.23–28.66; p = 0.031 and 0.026, respectively). End of therapy platelet counts were significantly lower in the cases than in the controls (79 vs. 243 × 103/mm3; p < 0.001). Similarly, the percentage of platelet count change was significantly different (−55.1% vs. −10.2%; p < 0.001). Conclusions: In our study, the incidence rate of linezolid-associated thrombocytopenia was 20.9%, and we found that patients with renal impairment and bacteremia may need close monitoring of platelet counts. Prospective studies are warranted to evaluate the potential need for renal dose adjustment.
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1. Introduction


Linezolid is the first member of the oxazolidinone class of antibiotics [1]. It exhibits its activity by inhibiting the protein synthesis of Gram-positive cocci, including Staphylococcus aureus (both methicillin-resistant and susceptible), Streptococci, Enterococci (including vancomycin-resistant strains), and Listeria monocytogenes [2]. Common adverse effects associated with linezolid use are thrombocytopenia, peripheral and ocular neuropathy, anemia, and lactic acidosis [1]. Thrombocytopenia is a consequence of myelosuppression, usually occurring after long-term linezolid treatment [3]. In the literature, the incidence of thrombocytopenia varied between 16.7% and 60.5% [3,4,5,6,7,8]. Such adverse effects can lead to treatment discontinuation due to the increased risk of bleeding [9]. The mechanisms of linezolid-associated thrombocytopenia are not clearly identified.



A considerable body of literature has studied the incidence and risk factors of linezolid-associated thrombocytopenia. Most of these studies were limited to patients with hemato-oncologic diseases, which may confound the assessment of thrombocytopenia. Receiving linezolid therapy for more than 14 days, low pretreatment platelet counts, renal insufficiency, chronic liver disorder, respiratory tract infections, and low body weight have all been reported as potential risk factors in these patients [3,10,11,12,13]. Moreover, intensive care unit patients who developed thrombocytopenia after treatment with linezolid had remarkably higher mortality [14]. One study evaluated the incidence and clinical characteristics of linezolid-associated thrombocytopenia in 19 patients treated with linezolid. Overall, thrombocytopenia (platelet count < 100,000 platelets/mm3) was observed in 32% of patients who received linezolid for more than 10 days [5]. Other studies found that linezolid treatment duration, renal function, and hepatic function play a key role in linezolid-associated thrombocytopenia [6,8,11].



To date, only a few studies have investigated factors that may increase the risk of linezolid-associated thrombocytopenia in patients without hemato-oncologic diseases. These studies have established a variety of risk factors, such as linezolid therapy for ≥7 days, baseline platelet count < 150 × 103/mm3, creatinine clearance (CrCl) < 30 mL/min, concurrent low-dose aspirin therapy, a higher daily per kg dose, and a high white blood cell (WBC) count [15,16]. Nonetheless, no studies have assessed the potential effects of artificial heart valve surgeries and blood vessel grafts, and only one study reported the risk of concomitant aspirin therapy. It is important to ensure the safe use of linezolid by preventing its adverse effects through early identification of risk factors that may increase the incidence of linezolid-associated thrombocytopenia. Therefore, this study aimed to add to the current body of evidence and investigate risk factors for linezolid-associated thrombocytopenia in patients without hemato-oncologic diseases who received linezolid.




2. Methods


2.1. Study Design and Definitions


This was a multicenter retrospective case-control study of patients receiving linezolid therapy in four tertiary hospitals during the period from January 2013 to December 2022.



The primary endpoint was thrombocytopenia, which was defined as a decrease in platelet count to <100 × 103/mm3 (i.e., less than approximately 75% of the lower limit of normal of 150 × 103/mm3) [17]. Cases were defined as patients who developed thrombocytopenia during therapy with linezolid and up to 10 days post therapy, whereas controls were patients who did not develop thrombocytopenia despite exposure to linezolid. Several patient- and treatment-related factors were assessed for the potential augmentation of linezolid-associated thrombocytopenia.




2.2. Inclusion and Exclusion Criteria for Patients


Included patients were hospitalized adults (≥18 years) who received oral or intravenous (IV) linezolid at a dose of 1200 mg daily (600 mg twice daily) for at least 72 h. Patients having hemato-oncologic disease (including iron deficiency anemia, hemophilia, sickle cell disease, thalassemia, bone marrow transplant, leukemia, and lymphoma as well as cancer of other organs), active dengue fever, active coronavirus infection 2019 (COVID-19), baseline platelet count < 100 × 103/mm3, concomitant therapy with trimethoprim/sulfamethoxazole and valproic acid, received platelet transfusion within 7 days prior to linezolid therapy, had no baseline or end of therapy laboratory platelet data (at least within 3 days of each time point) were excluded from the study. Patients with active dengue fever and COVID-19 were excluded due to the high rate of thrombocytopenia associated with these conditions [18,19].




2.3. Ethical Approval


The study protocol was approved by the Biomedical Ethics Committee of the Faculty of Medicine (reference no. 464-20), which waived the requirement for patient consent given the retrospective nature of the study.




2.4. Statistical Analysis


Categorical data were presented as numbers and percentages and compared using the chi-square test, whereas continuous data were presented as the median [interquartile range, IQR] and compared using the Mann–Whitney test. The Shapiro–Wilk test of normality showed the lack of a normal distribution for all continuous variables. Multivariable regression was performed for variables with a p < 0.1 in the univariate analysis to generate adjusted odds ratios (AOR). The omnibus test of model coefficients was used to determine the significance of the model, whereas the Hosmer–Lemeshow test was used to establish the goodness of fit of the model. A log-rank test was performed to assess the effect of these factors on the platelet count trend over time. A p value of <0.05 was used to determine statistical significance. SPSS version 24.0 software (IBM, Corp., Armonk, NY, USA) was used for analysis.




2.5. Sample Size Calculation


Based on two previous similar studies on patients without hemato-oncologic diseases that found a thrombocytopenia rate of 29.2% and 42%, respectively, a total of 145 patients were needed to meet a study power of 95% considering a difference in the incidence of thrombocytopenia (i.e., effect size) of 30% (rounded down from a mean of 35.6% to maximize the sample size) and an α-error probability of 5% [15]. This effect size was selected based on this study since it was the only study that was found in the literature that excluded patients who had hemato-oncologic diseases.





3. Results


3.1. Baseline Characteristics


A total of 158 patients met the eligibility criteria and were included in the study. Table 1 lists the characteristics of patients. The median age of the whole cohort was 62 years, with the majority being males (57.6%). Median [IQR] durations of linezolid therapy were 8 [6.5–10.5] vs. 7 [5–9.5] days (p = 0.344) in the cases and control groups, respectively. More than half of the patients were in the intensive care unit (58.2%), and many (70.3%) received linezolid intravenously. Notably, more than half of the patients (61.1%) had a creatinine clearance (CrCl) < 60 mL/min, with the majority being from the cases group (81.8% vs. 55.6%; p = 0.006).




3.2. Platelet Outcomes


Table 2 lists the platelet count outcomes in both groups. Overall, thrombocytopenia occurred in 33 patients, indicating an incidence rate of 20.9%. The median duration of thrombocytopenia was 8 days post-linezolid initiation. Figure 1 shows the trend of platelet counts over 14 days in the cases and the controls.




3.3. Factors Associated with Thrombocytopenia


In the univariate analysis, several factors were significantly associated with linezolid-associated thrombocytopenia, including low CrCl, previous vancomycin use, bacteremia, leukocytosis, and low hemoglobin (Table 3). However, only low CrCl (AOR, 3.25; 95% CI, 1.12–9.45, p = 0.031), bacteremia with or without infective endocarditis as linezolid indication (AOR, 5.95; 95% CI, 1.23–28.66, p = 0.026), and low baseline platelet count (AOR, 3.22; 95% CI, 1.01–10.26; p = 0.048) remained significantly associated with linezolid-associated thrombocytopenia in the multivariable regression analysis. Additionally, results of log-rank tests assessing the effect of all these factors on the platelet count trend over time showed no significant difference between patients who had the factors and those who did not.





4. Discussion


Linezolid is an important antibiotic for several infections, and it is widely used in clinical practice. In our study, we evaluated the incidence rate of linezolid-associated thrombocytopenia and identified the risk factors that may potentially augment this risk. In our study, 33 of 158 patients (20.9%) developed thrombocytopenia with linezolid therapy. We found that impaired kidney function, the presence of bacteremia with or without infective endocarditis, and a low baseline platelet count were significantly associated with thrombocytopenia in patients receiving linezolid for therapy.



The incidence rate of thrombocytopenia with linezolid therapy reported in the package insert is 2.4% [20]. Several studies have evaluated factors that may increase the risk of linezolid-associated thrombocytopenia. Choi et al. evaluated risk factors for linezolid-associated thrombocytopenia in 264 patients without a history of hemato-oncologic conditions [15]. They found a thrombocytopenia incidence of 29.2%, where a duration of linezolid therapy of 7 days or longer was significantly associated with thrombocytopenia (AORs were 7.25, 19.51, and 28.80; 95% CI, 1.92–27.38, 4.76–79.95, and 6.48–127.92 for 7–13 days, 14–20 days, and ≥21 days, respectively; p < 0.01 for all durations). Furthermore, they found that a baseline CrCl of <30 mL/min (AOR, 4.19; 95% CI, 1.59–11.06; p = 0.004), concomitant low-dose aspirin therapy (≤160 mg/day) (AOR 2.99; 95% CI, 1.26–7.08; p = 0.013), and a baseline platelet count of <150 × 103/mm3 (AOR, 5.08; 95% CI, 2.06–12.55; p < 0.001) were significantly associated with thrombocytopenia associated with linezolid therapy. While our study also showed a correlation between low CrCl and low baseline platelet counts and the increased risk of linezolid-associated thrombocytopenia, our findings did not suggest a correlation with the use of any antiplatelet drug used by our patient population. Another retrospective study by Han, et al. evaluated 320 patients on linezolid therapy, where they found that thrombocytopenia (platelet count < 100 × 103/mm3) was significantly associated with a low baseline platelet count (OR, 0.99; 95% CI, 0.98–0.99; p < 0.001), a long duration of linezolid therapy (OR, 3.46; 95% CI, 1.80–6.68; p < 0.001 for 7–13 days and OR, 2.51; 95% CI, 1.05–6.00; p = 0.039 for 14 days or longer), and shock (OR, 2.09; 95% CI, 1.13–3.88; p = 0.019) [6]. However, only a long duration of linezolid therapy (OR, 3.77; 95% CI, 2.21–6.41; p < 0.001 for 7–13 days and OR, 2.62; 95% CI, 1.26–5.43; p = 0.010 for 14 days or longer) and shock (OR, 1.91; 95% CI, 1.13–3.21; p = 0.015) were associated with a ≥25% drop in platelet count from baseline. The impact of a low baseline platelet count on linezolid-associated thrombocytopenia was also seen in our study; though, the duration of therapy (≤7 days vs. >7 days) did not impact such an incidence. Interestingly, low baseline platelet counts of ≤200 × 103/mm3 also significantly increased the risk of linezolid-associated thrombocytopenia in a small study of 66 patients (AOR, 5.66; 95% CI, 1.15–27.9; p = 0.045) [7]. Similar to our findings, the study also found that a baseline CrCl < 60 mL/min and a baseline serum creatinine of >1.5 mg/dL were associated with a higher risk of linezolid-associated thrombocytopenia (AOR, 9.41; 95% CI, 1.09–80.54; p = 0.043 and AOR, 4.57; 95% CI, 1.26–16.5; p = 0.035, respectively). A therapy duration of >10 days was also seen as a factor associated with linezolid-associated thrombocytopenia in a case series of 19 patients, where 6 patients (32%) developed this adverse effect [5].



A potential explanation behind the increased risk of linezolid-associated thrombocytopenia in patients with renal impairment is that linezolid and its two major metabolites (aminoethoxyacetic acid metabolite and hydroxyethyl glycine) were found to accumulate in such patients, particularly in patients with end-stage renal disease [21]. However, the mechanism of thrombocytopenia associated with linezolid, including the potential effects of its two metabolites, is not yet fully understood.



In our study, we noticed that patients with bacteremia with or without infective endocarditis have an increased risk of thrombocytopenia in patients receiving linezolid for therapy (AOR, 5.95; 95% CI, 1.23–28.66; p = 0.026). This could be attributed to the bacterial effect on platelets. For instance, S. aureus is known to activate and aggregate platelets, as observed in previous in vitro studies [22,23]. Clinically, multiple studies found thrombocytopenia rates of 20–47.6% in patients with bacteremia due to various pathogens [24,25,26].



The median time to thrombocytopenia in our study was 8 days (IQR, 5.5–11). Several studies have addressed the time to thrombocytopenia after the initiation of linezolid. Giunio-Zorkin et al. assessed the new onset of thrombocytopenia caused by linezolid in a small study of 18 patients [27]. They found that the first thrombocytopenic values occurred within 14 days in 9 of 18 (50%) of the cases, resulting in a discontinuation rate of 61% (11/18), while one patient received a platelet transfusion. While this study did not exclude cancer patients as in the case of our study, they excluded patients with hematological disorders associated with platelet reduction, as well as patients who received bone marrow suppressive therapy within two weeks before linezolid initiation. Although the incidence of thrombocytopenia occurred later than in our study (8 days), newer and larger studies found that the incidence of thrombocytopenia occurred sooner, as in the study by Choi, et al., who found it happening after a median of 11.2 days [15]. In a small prospective study of 31 patients, Nukui, et al. found that the median time to thrombocytopenia was 11 days after the initiation of linezolid treatment, which occurred in 17 patients, indicating an incidence rate of 56.7% [28]. In their study, the authors measured the plasma concentration of linezolid and assessed the kidney function of their patients. They found that patients who developed thrombocytopenia had significantly higher trough concentrations of linezolid, particularly in patients with baseline CrCl < 60 mL/min. Regardless of kidney function, median linezolid trough concentrations in patients who developed thrombocytopenia vs. those who did not develop it were 13.4 mg/L vs. 4.3 mg/L on day 3, 15.3 mg/L vs. 3.8 mg/L, and 15.2 mg/L vs. 5 mg/L on days 3, 7, and 14, respectively (p < 0.0001). When divided based on CrCl value, median linezolid trough concentrations were 14.7 mg/L vs. 4.8 mg/L on day 3, 16.3 mg/L vs. 4.9 mg/L, and 13.6 mg/L vs. 7.3 mg/L on days 3, 7, and 14, respectively, in patients with CrCl < 60 mL/min vs. those with higher CrCl values (p < 0.0001). As such, the authors found that the strongest predictors of linezolid-associated thrombocytopenia were a CrCl < 60 mL/min (OR, 39; 95% CI, 3.8–399.8; p = 0.0002) and a linezolid trough concentration > 7.5 mg/L on day 3 (OR, 90; 95% CI, 7.3–1115.9; p < 0.0001). Findings from this study coincide with our findings that renal impairment at baseline can be a predictor of thrombocytopenia with linezolid, which warrants closer monitoring of platelet counts in patients with such a condition. When compared with its first alternative, vancomycin, linezolid was found to be associated with thrombocytopenia four times more than vancomycin (OR 4.39; 95% CI 2.38–8.08), as reported in a retrospective study of 453 patients by Al-Harbi, et al. [29]. In this study, the onset of severe thrombocytopenia (platelet count < 50 × 103/mm3) occurred within an average of 14 ± 9.3 days of linezolid initiation. Although all these studies had a later onset of thrombocytopenia than in our study (8 days), our findings indicate that platelet monitoring should be started within a few days after treatment initiation.



Studies conducted on patients with hemato-oncologic diseases found that the most common factors associated with increased risk of linezolid-associated thrombocytopenia were poor kidney function (CrCl < 50 mL/min) (p < 0.001), duration of linezolid therapy of ≥14 days (p < 0.001), concomitant use of fluoroquinolones (p = 0.009), and respiratory tract infections (p = 0.03) [3]. In patients with a CrCl of < 50 mL/min, the time to the onset of thrombocytopenia was significantly shorter than in patients with a CrCl of >50 mL/min (p = 0.04) [3]. In our study, we excluded patients with hemato-oncologic conditions because these conditions are significantly associated with thrombocytopenia even without the presence of linezolid, which may confound our results. We also excluded patients with active dengue fever (which has been reported in our country) given the high rate of reported thrombocytopenia, reaching 90.1% [30]. Although one study found that parenteral administration of linezolid resulted in a higher rate of thrombocytopenia (p = 0.04) [3], no such difference was found in our study between oral and parenteral formulations, perhaps due to the high oral bioavailability of linezolid, which can reach approximately 100% [20].



In our study, we excluded patients with COVID-19 to match the inclusion criteria of a previous similar study by Han, et al. [6]. This was also because COVID-19 has been linked to thrombocytopenia of varying degrees, as reported in previous studies, case reports, and case series [19,31,32,33,34,35,36,37,38]. Thus, we wanted to exclude this condition as a potential confounding factor. Moreover, since our study spanned from before COVID-19 (2013–2019) until 3 years during/after COVID-19 (2020–2022), patients with COVID-19 would have been only included from the last 3 years of the study, which may have created an imbalance in the distribution of patients across the study period. Nonetheless, a study by Alkhalifa, et al. found that exposure to linezolid increased the likelihood of thrombocytopenia in patients with COVID-19 (chi-square p < 0.05); though, the authors did not mention the number of patients who received linezolid among the 256 included patients [39]. Therefore, it is suggested to assess the impact of a current or previous episode of COVID-19 on the incidence of thrombocytopenia in patients receiving linezolid.



Dengue fever is a viral infectious disease that impacts total blood cellular counts, including platelets. The World Health Organization guidelines included thrombocytopenia as one of the manifestations that correlate with the clinical severity of the disease [18]. A study by Castilho, et al. found a thrombocytopenia incidence rate of 40.3% in patients with laboratory-confirmed dengue fever [40]. The study did not assess the potential impact of concomitant drugs, including linezolid, on such incidence. However, the already high rate of thrombocytopenia associated with dengue fever may have made it a significant confounding factor if patients with the disease were to be included in the current study; therefore, we opted to exclude them. Nevertheless, evaluating the impact of both factors combined (i.e., linezolid and dengue fever) on the incidence of thrombocytopenia is worthy of investigation in a future study.



This study was perhaps limited by its sample size, despite the involvement of four medical centers. This can be attributed to the fact that linezolid was not available in our country until 2012 and that it is usually reserved for cases where other cheaper therapies (for example, vancomycin or trimethoprim/sulfamethoxazole) cannot be used, such as in cases of vancomycin resistance or drug-resistant tuberculosis. We also excluded several patients who matched the exclusion criteria to eliminate a potential confounding effect. As such, and given the observed incidence of linezolid-associated thrombocytopenia in our study, patients were included in a 1:3 ratio (i.e., one case for every three controls). Despite being a multicenter study, the limited sample size may limit the generalizability of the findings, especially for patients with conditions that were excluded from the study. Additionally, the retrospective design of the study may have introduced selection bias. Furthermore, to overcome information bias, we excluded patients with insufficient platelet data in their electronic medical records.




5. Conclusions


Linezolid represents an important therapeutic option for many kinds of infections, particularly those caused by drug-resistant Gram-positive bacteria or tuberculosis. The incidence rate of linezolid-associated thrombocytopenia in our study was 20.9%. Clinicians should exercise caution when using it in patients with impaired kidney function, bacteremia and/or infective endocarditis, and a low pre-treatment platelet count by close and frequent monitoring of the platelet count and the potential risk of bleeding. Alternatively, seeking another antibiotic to which the pathogen is susceptible may be more prudent for patients at risk while weighing the benefit vs. risk ratio. Future research is needed to address gaps in the knowledge of the mechanism behind such an adverse effect of linezolid and its metabolites, as well as the potential compounding effect of the excluded conditions, such as dengue fever and COVID-19.







Author Contributions


Conceptualization, methodology, formal analysis, supervision, writing—review and editing, A.K.T.; data curation, investigation, writing—original draft, A.A.A., A.K.A., N.M.M., Z.K.A., B.O.A., A.M.A., S.A.Y. and R.M.A.; supervision, writing—review and editing, A.J.M. and Y.S.A.; data curation, investigation, writing—review and editing, A.A.; writing—original draft, writing—review and editing, M.S.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


This study was approved by the Biomedical Ethics Committee of the Faculty of Medicine (reference no. 464-20; 8 September 2020).




Informed Consent Statement


Patient consent was waived due to the retrospective study design.




Data Availability Statement


The datasets generated and analyzed in the current study are available from the corresponding author at reasonable request.




Acknowledgments


This study was presented as a poster at the Infectious Diseases Society of America annual meeting, IDWeek, in Boston, MA, 2023 (abstract number 384).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Hashemian, S.M.R.; Farhadi, T.; Ganjparvar, M. Linezolid: A review of its properties, function, and use in critical care. Drug Des. Dev. Ther. 2018, 12, 1759–1767. [Google Scholar] [CrossRef]

	



Clemett, D.; Markham, A. Linezolid. Drugs 2000, 59, 815–827; discussion 828. [Google Scholar] [CrossRef]

	



Takahashi, Y.; Takesue, Y.; Nakajima, K.; Ichiki, K.; Tsuchida, T.; Tatsumi, S.; Ishihara, M.; Ikeuchi, H.; Uchino, M. Risk factors associated with the development of thrombocytopenia in patients who received linezolid therapy. J. Infect. Chemother. 2011, 17, 382–387. [Google Scholar] [CrossRef]

	



Ikuta, S.; Tanimura, K.; Yasui, C.; Aihara, T.; Yoshie, H.; Iida, H.; Beppu, N.; Kurimoto, A.; Yanagi, H.; Mitsunobu, M.; et al. Chronic liver disease increases the risk of linezolid-related thrombocytopenia in methicillin-resistant Staphylococcus aureus-infected patients after digestive surgery. J. Infect. Chemother. 2011, 17, 388–391. [Google Scholar] [CrossRef]

	



Attassi, K.; Hershberger, E.; Alam, R.; Zervos, M.J. Thrombocytopenia associated with linezolid therapy. Clin. Infect. Dis. 2002, 34, 695–698. [Google Scholar] [CrossRef]

	



Han, X.; Wang, J.; Zan, X.; Peng, L.; Nie, X. Risk factors for linezolid-induced thrombocytopenia in adult inpatients. Int. J. Clin. Pharm. 2022, 44, 330–338. [Google Scholar] [CrossRef]

	



Lima, L.S.; Brito, E.; Mattos, K.; Parisotto, E.B.; Perdomo, R.T.; Weber, S.S. A retrospective cohort study to screen linezolid-induced thrombocytopenia in adult patients hospitalized in the Midwestern Region of Brazil. Hematol. Transfus. Cell Ther. 2020, 42, 230–237. [Google Scholar] [CrossRef]

	



Ichie, T.; Suzuki, D.; Yasui, K.; Takahashi, H.; Matsuda, M.; Hayashi, H.; Sugiura, Y.; Sugiyama, T. The association between risk factors and time of onset for thrombocytopenia in Japanese patients receiving linezolid therapy: A retrospective analysis. J. Clin. Pharm. Ther. 2015, 40, 279–284. [Google Scholar] [CrossRef]

	



Arnold, D.M. Bleeding complications in immune thrombocytopenia. Hematol. Am. Soc. Hematol. Educ. Program 2015, 2015, 237–242. [Google Scholar] [CrossRef]

	



Hirano, R.; Sakamoto, Y.; Tachibana, N.; Ohnishi, M. Retrospective analysis of the risk factors for linezolid-induced thrombocytopenia in adult Japanese patients. Int. J. Clin. Pharm. 2014, 36, 795–799. [Google Scholar] [CrossRef]

	



Hanai, Y.; Matsuo, K.; Ogawa, M.; Higashi, A.; Kimura, I.; Hirayama, S.; Kosugi, T.; Nishizawa, K.; Yoshio, T. A retrospective study of the risk factors for linezolid-induced thrombocytopenia and anemia. J. Infect. Chemother. 2016, 22, 536–542. [Google Scholar] [CrossRef]

	



Rabon, A.D.; Fisher, J.P.; MacVane, S.H. Incidence and Risk Factors for Development of Thrombocytopenia in Patients Treated with Linezolid for 7 Days or Greater. Ann. Pharmacother. 2018, 52, 1162–1164. [Google Scholar] [CrossRef]

	



Chen, C.; Guo, D.H.; Cao, X.; Cai, Y.; Xu, Y.; Zhu, M.; Ma, L. Risk factors for thrombocytopenia in adult chinese patients receiving linezolid therapy. Curr. Ther. Res. Clin. Exp. 2012, 73, 195–206. [Google Scholar] [CrossRef]

	



Kim, H.S.; Lee, E.; Cho, Y.J.; Lee, Y.J.; Rhie, S.J. Linezolid-induced thrombocytopenia increases mortality risk in intensive care unit patients, a 10 year retrospective study. J. Clin. Pharm. Ther. 2019, 44, 84–90. [Google Scholar] [CrossRef]

	



Choi, G.W.; Lee, J.Y.; Chang, M.J.; Kim, Y.K.; Cho, Y.; Yu, Y.M.; Lee, E. Risk factors for linezolid-induced thrombocytopenia in patients without haemato-oncologic diseases. Basic Clin. Pharmacol. Toxicol. 2019, 124, 228–234. [Google Scholar] [CrossRef]

	



Natsumoto, B.; Yokota, K.; Omata, F.; Furukawa, K. Risk factors for linezolid-associated thrombocytopenia in adult patients. Infection 2014, 42, 1007–1012. [Google Scholar] [CrossRef]

	



National Institute of Allergy and Infectious Diseases. Division of AIDS (DAIDS) Table for Grading the Severity of Adult and Pediatric Adverse Events. Available online: https://rsc.niaid.nih.gov/sites/default/files/daidsgradingcorrectedv21.pdf (accessed on 24 August 2023).

	



World Health Organization. Dengue Guidelines, for Diagnosis, Treatment, Prevention and Control. Available online: https://iris.who.int/bitstream/handle/10665/44188/9789241547871_eng.pdf (accessed on 16 April 2024).

	



Choudhury, S.; Dubey, S.; Zumu, M.; Mustafa, P.P.M.; Burma, A.; Kumar, S. The Role of Platelet Parameters in Predicting the Disease Severity of COVID-19 Patients: A Hospital-Based Study. Cureus 2024, 16, e51523. [Google Scholar] [CrossRef]

	



Product Information: ZYVOX®, Linezolid Intravenous Injection, Tablets, and Oral Suspension; Pfizer, Inc.: Philadelphia, PA, USA, 2023.

	



Brier, M.E.; Stalker, D.J.; Aronoff, G.R.; Batts, D.H.; Ryan, K.K.; O’Grady, M.; Hopkins, N.K.; Jungbluth, G.L. Pharmacokinetics of linezolid in subjects with renal dysfunction. Antimicrob. Agents Chemother. 2003, 47, 2775–2780. [Google Scholar] [CrossRef]

	



Bayer, A.S.; Sullam, P.M.; Ramos, M.; Li, C.; Cheung, A.L.; Yeaman, M.R. Staphylococcus aureus induces platelet aggregation via a fibrinogen-dependent mechanism which is independent of principal platelet glycoprotein IIb/IIIa fibrinogen-binding domains. Infect. Immun. 1995, 63, 3634–3641. [Google Scholar] [CrossRef]

	



O’Brien, L.; Kerrigan, S.W.; Kaw, G.; Hogan, M.; Penades, J.; Litt, D.; Fitzgerald, D.J.; Foster, T.J.; Cox, D. Multiple mechanisms for the activation of human platelet aggregation by Staphylococcus aureus: Roles for the clumping factors ClfA and ClfB, the serine-aspartate repeat protein SdrE and protein A. Mol. Microbiol. 2002, 44, 1033–1044. [Google Scholar] [CrossRef] [PubMed]

	



Johansson, D.; Rasmussen, M.; Inghammar, M. Thrombocytopenia in bacteraemia and association with bacterial species. Epidemiol. Infect. 2018, 146, 1312–1317. [Google Scholar] [CrossRef]

	



Gafter-Gvili, A.; Mansur, N.; Bivas, A.; Zemer-Wassercug, N.; Bishara, J.; Leibovici, L.; Paul, M. Thrombocytopenia in Staphylococcus aureus bacteremia: Risk factors and prognostic importance. Mayo Clin. Proc. 2011, 86, 389–396. [Google Scholar] [CrossRef]

	



Venkata, C.; Kashyap, R.; Farmer, J.C.; Afessa, B. Thrombocytopenia in adult patients with sepsis: Incidence, risk factors, and its association with clinical outcome. J. Intensive Care 2013, 1, 9. [Google Scholar] [CrossRef]

	



Giunio-Zorkin, N.; Brown, G. Real-Life Frequency of New-Onset Thrombocytopenia during Linezolid Treatment. Can. J. Hosp. Pharm. 2019, 72, 133–138. [Google Scholar] [CrossRef]

	



Nukui, Y.; Hatakeyama, S.; Okamoto, K.; Yamamoto, T.; Hisaka, A.; Suzuki, H.; Yata, N.; Yotsuyanagi, H.; Moriya, K. High plasma linezolid concentration and impaired renal function affect development of linezolid-induced thrombocytopenia. J. Antimicrob. Chemother. 2013, 68, 2128–2133. [Google Scholar] [CrossRef]

	



Al-Harbi, D.; Alturaiki, A.; Alshngeetee, A.; Aldabas, H.; AlBreacan, L.; Aljohani, R.; Alshahrani, E.H.; Althemery, A.; Esba, L.C.A. Linezolid vs Vancomycin in Induced Thrombocytopenia. Infect. Dis. Ther. 2022, 11, 1649–1660. [Google Scholar] [CrossRef]

	



Giang, H.T.N.; Banno, K.; Minh, L.H.N.; Trinh, L.T.; Loc, L.T.; Eltobgy, A.; Tai, L.L.T.; Khan, A.; Tuan, N.H.; Reda, Y.; et al. Dengue hemophagocytic syndrome: A systematic review and meta-analysis on epidemiology, clinical signs, outcomes, and risk factors. Rev. Med. Virol. 2018, 28, e2005. [Google Scholar] [CrossRef]

	



Sadeghi-Nodoushan, F.; Zare-Khormizi, M.R.; Hekmatimoghaddam, S.; Pourrajab, F. Blood Features Associated with Viral Infection Severity: An Experience from COVID-19-Pandemic Patients Hospitalized in the Center of Iran, Yazd. Int. J. Clin. Pract. 2024, 2024, 7484645. [Google Scholar] [CrossRef]

	



Izhari, M.A.; Hadadi, M.A.A.; Alharbi, R.A.; Gosady, A.R.A.; Sindi, A.A.A.; Dardari, D.M.M.; Alotaibi, F.E.; Klufah, F.; Albanghali, M.A.; Alharbi, T.H. Association of Coagulopathy and Inflammatory Biomarkers with Severity in SARS-CoV-2-Infected Individuals of the Al-Qunfudhah Region of Saudi Arabia. Healthcare 2024, 12, 729. [Google Scholar] [CrossRef] [PubMed]

	



Asrie, F.; Tekle, E.; Gelaw, Y.; Dagnew, M.; Gelaw, A.; Negash, M.; Kassa, E.; Bizuneh, S.; Wudineh, D. Baseline Thrombocytopenia and Disease Severity Among COVID-19 Patients, Tibebe Ghion Specialized Hospital COVID-19 Treatment Center, Northwest Ethiopia. J. Blood Med. 2022, 13, 315–325. [Google Scholar] [CrossRef] [PubMed]

	



Nagori, E.K.; Ghantarchyan, H.; Qadir, A.; Arabian, S. COVID-19-Induced Thrombocytopenia: A Brief Literature Review and Case Report. Cureus 2022, 14, e30993. [Google Scholar] [CrossRef]

	



Nguyen, H.; Nguyen, M.; Olenik, A. Immune Thrombocytopenic Purpura Following COVID-19 Infection: A Case Report and Literature Review. Cureus 2023, 15, e39342. [Google Scholar] [CrossRef] [PubMed]

	



Shinno, K.; Banno, Y.; Kamimaki, I. Severe immune thrombocytopenia that developed immediately after COVID-19 in a school-aged patient: A case report. Front. Pediatr. 2023, 11, 1120093. [Google Scholar] [CrossRef] [PubMed]

	



Deruelle, E.; Ben Hadj Salem, O.; Sep Hieng, S.; Pichereau, C.; Outin, H.; Jamme, M. Immune thrombocytopenia in a patient with COVID-19. Int. J. Hematol. 2020, 112, 883–888. [Google Scholar] [CrossRef]

	



Mocan, M.; Chiorescu, R.M.; Tirnovan, A.; Buksa, B.S.; Farcas, A.D. Severe Thrombocytopenia as a Manifestation of COVID-19 Infection. J. Clin. Med. 2022, 11, 1088. [Google Scholar] [CrossRef]

	



Alkhalifa, H.; Alsalman, Z.; Alfaraj, A.; Algaraash, M.; Alsalman, M. Thrombocytopenia and clinical outcomes among patients with COVID-19 disease: A cohort study. Health Sci. Rep. 2023, 6, e1111. [Google Scholar] [CrossRef]

	



Castilho, B.M.; Silva, M.T.; Freitas, A.R.R.; Fulone, I.; Lopes, L.C. Factors associated with thrombocytopenia in patients with dengue fever: A retrospective cohort study. BMJ Open 2020, 10, e035120. [Google Scholar] [CrossRef]








[image: Jcm 13 02380 g001] 





Figure 1. Trend of platelet counts over 14 days in the cases (thrombocytopenia; n = 33) and the controls (no thrombocytopenia; n = 125). The white square indicates the median duration of thrombocytopenia (platelet count < 100 × 103/mm3). 
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Table 1. Baseline characteristics of the patients.
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	Characteristic
	All Patients (n = 158)
	Cases (n = 33)
	Controls (n = 125)
	p Value





	Age, years
	62 [47.5–74]
	62 [57–76]
	62 [42–73]
	0.165



	Sex, male
	91 (57.6)
	20 (60.6)
	71 (56.8)
	0.694



	Body mass index (n = 156), kg/m2
	26 [23–30]
	26 [24–31]
	26 [23–30]
	0.639



	Location
	
	
	
	0.479



	   Inpatient medical ward
	66 (41.8)
	12 (36.4)
	54 (43.2)
	



	   Intensive care unit
	92 (58.2)
	21 (63.6)
	71 (56.8)
	



	Route of linezolid administration
	
	
	
	0.437



	   Oral
	47 (29.7)
	8 (24.2)
	39 (31.2)
	



	   Intravenous
	111 (70.3)
	25 (75.8)
	86 (68.8)
	



	Duration of therapy, days
	7.5 [5–10]
	8 [6.5–10.5]
	7 [5–9.5]
	0.344



	Duration of therapy
	
	
	
	0.328



	   ≤7 days
	79 (50)
	14 (42.4)
	65 (52)
	



	   >7 days
	79 (50)
	19 (57.6)
	60 (48)
	



	History of cardiovascular disease
	89 (56.3)
	23 (69.7)
	66 (52.8)
	0.082



	Having more than one cardiovascular disease
	45 (50.6)
	13 (56.5)
	32 (48.5)
	0.507



	History of cardiovascular conditions
	
	
	
	0.321



	   Cerebrovascular accident
	40 (25.3)
	8 (24.2)
	32 (25.6)
	



	   Myocardial infarction
	36 (22.8)
	10 (30.3)
	26 (20.8)
	



	   Arrhythmia
	22 (13.9)
	7 (21.2)
	15 (12)
	



	   Heart failure
	16 (10.1)
	5 (15.2)
	11 (8.8)
	



	   Deep venous thrombosis
	12 (7.6)
	4 (12.1)
	8 (6.4)
	



	   Angina
	9 (5.7)
	3 (9.1)
	6 (4.8)
	



	   Cardiomyopathy
	4 (2.5)
	1 (3)
	3 (2.4)
	



	   Pulmonary embolism
	4 (2.5)
	1 (3)
	3 (2.4)
	



	   Valvular heart disease
	2 (1.3)
	1 (3)
	1 (0.8)
	



	   Rheumatic heart disease
	2 (1.3)
	1 (3)
	1 (0.8)
	



	History of cardiovascular surgery
	13 (9.2)
	3 (10)
	10 (9)
	0.868



	Type of cardiovascular surgery
	
	
	
	0.276



	   CABG
	9 (5.7)
	1 (3)
	8 (6.4)
	



	   Heart valve
	4 (2.5)
	2 (6.1)
	2 (1.6)
	



	Creatinine clearance
	
	
	
	0.006



	   ≥60 mL/min
	61 (38.9)
	6 (18.2)
	55 (44.4)
	



	   <60 mL/min
	96 (61.1)
	27 (81.8)
	69 (55.6)
	



	Indication for linezolid
	
	
	
	



	   Pneumonia
	53 (33.5)
	5 (15.2)
	48 (38.4)
	0.012



	   Empiric
	47 (39.7)
	13 (39.4)
	34 (27.2)
	0.173



	   Soft and skin tissue infections
	16 (10.1)
	2 (6.1)
	14 (11.2)
	0.384



	   Urinary tract infection
	14 (8.9)
	4 (12.1)
	10 (8)
	0.459



	   Bacteremia/infective endocarditis
	11 (7)
	6 (18.2)
	5 (4)
	0.004



	   Intra-abdominal infection
	7 (4.4)
	1 (3)
	6 (4.8)
	0.660



	   Tuberculosis
	5 (3.2)
	2 (6.1)
	3 (2.4)
	0.285



	   Central nervous system
	3 (1.9)
	0 (0)
	3 (2.4)
	0.369



	   Bone and joint infection
	2 (1.3)
	0 (0)
	2 (1.6)
	0.465



	Use of antiplatelet drugs
	60 (38)
	16 (48.5)
	44 (35.2)
	0.162



	Antiplatelet drug used *
	
	
	
	0.244



	   Aspirin
	42 (26.6)
	10 (30.3)
	12 (9.6)
	



	   Clopidogrel
	39 (24.7)
	12 (36.4)
	27 (21.6)
	



	   Ticlopidine
	1 (0.6)
	0 (0)
	1 (1.6)
	



	Previous vancomycin use within 14 days
	46 (29.1)
	14 (42.4)
	32 (25.6)
	0.058



	Baseline blood laboratory data
	
	
	
	



	   Platelets < 150 × 103/mm3
	19 (12)
	8 (24.2)
	11 (8.8)
	0.015



	   Low hemoglobin **
	118 (77.1)
	29 (93.5)
	89 (73)
	0.015



	   Leukocytosis
	93 (58.9)
	14 (42.4)
	73 (63.2)
	0.031







Data are presented as n (%) or median [interquartile range]; CABG, coronary artery bypass graft; * 18 patients received both aspirin and clopidogrel; ** The lower limit of normal is 14 g/dL for males and 12 g/dL for females.













 





Table 2. Outcomes of platelet count in patients who developed and did not develop thrombocytopenia.
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	Outcome
	All Patients

(n = 158)
	Cases (n = 33)
	Controls (n = 125)
	p Value





	Time to thrombocytopenia, days
	N/A
	8 [5.5–11]
	N/A
	N/A



	EOT platelet count, ×103/mm3
	213 [132–298]
	79 [63.5–114]
	243 [168.5–328.5]
	<0.001



	EOT change in platelet count, %
	−15.4 [−46.6–17.2]
	−55.1 [−76.2–−37.85]
	−10.2 [−30–21.3]
	<0.001







Data are presented as median [interquartile range]; EOT, end of therapy; N/A, not applicable.













 





Table 3. Factors associated with thrombocytopenia in patients on linezolid therapy.
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Factor

	
Univariate Analysis

	
Multivariable Analysis




	
OR

	
95% CI

	
p Value

	
AOR

	
95% CI

	
p Value






	
Previous vancomycin use

	
0.47

	
0.21–1.04

	
0.058

	
1.07

	
0.40–2.88

	
0.893




	
History of cardiovascular disease

	
2.06

	
0.90–4.67

	
0.082

	
1.52

	
0.59–3.88

	
0.386




	
Bacteremia or infective endocarditis

	
0.19

	
0.05–0.66

	
0.004

	
5.95

	
1.23–28.66

	
0.026




	
Pneumonia

	
3.50

	
1.26–9.62

	
0.012

	
0.39

	
0.13–1.21

	
0.104




	
CrCl < 60 mL/min

	
3.59

	
1.38–9.3

	
0.006

	
3.25

	
1.12–9.45

	
0.031




	
Baseline platelets < 150 × 103/mm3

	
0.30

	
0.11–0.83

	
0.015

	
3.22

	
1.01–10.26

	
0.048




	
Leukocytosis

	
2.33

	
1.07–5.08

	
0.031

	
0.66

	
0.26–1.64

	
0.369




	
Low hemoglobin

	
0.19

	
0.04–0.82

	
0.015

	
3.30

	
0.64–17.01

	
0.154








AOR, adjusted odds ratio; CrCl, creatinine clearance; OR, odds ratio.
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